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High levels of indoor radon have been observed in many 
areas of the Red River Valley and particularly in Grand Forks 
County of North Dakota. Data from the University of North 
Dakota (UND) Radon Monitoring Facility indicated more than 80% 
of the dwellings tested had radon levels greater than the 
United States Environmental Protection Agency (USEPA) action 
limit of 4 pCi/1. High radon levels may pose a health threat 
(USEPA, 1986) to valley residents. 
A review of existing data indicates that areas of the Red 
River Valley in North Dakota with elevated_ soil salinity also 
exhibit higher equivalent uranium (eU) concentrations than 
soils of lesser salinity. This study examined relationship 
between soil salinity, radon precursors, radon, and radon 
progeny in Grand Forks County, North Dakota. 
Approximately 75 soil-gas 







particle scintillation counter. Radon concentrations observed 
in the soil gas samples ranged from about 200 to 1700 pCi/1. 
In addition to the soil gas samples, continuous soil samples 
were taken from approximately 0-1 meter and 1-2 meters at the 
location of each soil gas sample. Ninety-two soil samples 
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were analyzed for uranium by fluorimetry, equivalent uranium 
(eU) by gamma-ray spectrometry, and for soil salinity. 
Equivalent uranium, equivalent thorium, potassium-40, and 
derivative maps were produced using aerial r-ray data 
collected during the National Uranium Resource Evaluation 
(NURE) program in 1979. These maps, when compared to soil 
survey maps, show several similarities. Areas mapped as 
saline soils and nearby non-saline soils typically exhibit 
higher r-radiation intensities than surrounding areas. Radon 
concentrations observed in the field appear to be consistent 
with concentrations predicted by calculations using NURE eU 
values. 
Results suggest that radium-226 is preferentially 
transported in the saline groundwater that is discharged from 
bedrock aquifers in Grand Forks County. Radium appears to be 
more soluble in water with high dissolved solids. In an 
aquifer with high dissolved solids water, competition for the 
few available sorption sites is high, and radium solubility is 
enhanced (Michel, 1990). The bedrock aquifers that discharge 
to the surface in Grand Forks County have total dissolved 
solids (TDS) values ranging from 4,000 to 10,000 parts-per-
rnillion (ppm); thus, it may be reasonable to expect that 
radium transport could occur under such conditions. 
X 
INTRODUCTION 
Elevated concentrations of radon-222 in indoor air occur 
in a significant number of homes in the U.S. The United 
States Environmental Protection Agency (USEPA) estimates that 
between 5,000 and 20,000 lung cancer deaths per year may be 
attributed to radon (USEPA, 1986) . Although it was originally 
believed that elevated indoor radon levels were found only in 
homes built on uraniferous mill waste or in homes constructed 
with uraniferous building materials, it is now known that many 
naturally occurring soils can produce elevated levels of 
indoor radon (Schumann and Owen, 1988) 
High levels of indoor radon have been observed in many 
areas of the Red River Valley and particularly in Grand Forks 
County of North Dakota. Data from the University of North 
Dakota (UND) Radon Monitoring Facility indicate more than 80% 
of the dwellings tested had radon levels greater than the 
USEPA action limit of 4 pCi/1. High radon levels may pose a 
health threat (USEPA, 1986) to valley residents. 
Study objectives 
The purpose of this study is to investigate the 
relationship and areal distribution of salinity, radon, and 
radon precursors in Grand Forks County soils. Similar soil 






especially to the north in Walsh and Pembina Counties. The 
results of the study may aid in the use of soils maps as a 
means to predict areas more likely to have elevated levels of 
indoor radon. Furthermore, the study area is of interest 
hydrogeologically because of the upward flow of saline 
groundwater and salinization of soils in parts of the county. 
The specific tasks of the study are: 
1. Sample and analyze soil gas from various soil 
associations for radon-222. 
2. Determine equivalent uranium (eU) concentrations of 
soil samples using gamma ray spectrometry. 
3. Determine elemental uranium concentrations in soil 
samples by fluorimetry. 
4. Determine salinity of soil samples using electrical 
conductivity. 
s: Determine relationship, if any, between soil gas 
radon, eU, elemental uranium and soil salinity. 
6. Explain process of radon precursor enrichment in 
study area. 
Study area location, physiography and climate 
Grand Forks County encompasses approximately 3424 square 
kilometers in the northern portion of the Red River Valley in 
North Dakota (Figure 1). The county is bounded by Nelson 
County to the west, Walsh County to the north, Traill and 
















The eastern four-fifths of the county lies in the Agassiz 
Lake Plain physiographic province and the western one-fifth in 
the Drift Prairie District (Hansen and Kume, 1970) The Lake 
Plain District consists of lake plains, beaches, interbeach 
areas, and underflow fan plains. The Drift Plain District 
consists of gently undulating collapsed glacial sediment. 
The climate of Grand Forks County is classified as dry 
subhumid and has a wide temperature variation throughout the 
year. The annual mean precipitation is approximately 48 to 51 
centimeters; about 75% of the precipitation occurs between 
April and September (USDA, 1981). 
Most of the soils in Grand Forks County are deep and well 
suited to cult·ivated crops and to pasture and hay _(USDA, 
1981). Approximately 23% of the soils, however, are 
moderately to strongly saline (USDA, 1981). 
, .. .,) '. ·- . l. • .• ~ ,· .... ,, • 
PREVIOUS WORK 
Radium transport 
Since the USEPA established drinking water standards for 
gross alpha activity and radium in 1976, the occurrence of 
natural radionuclides in drinking water has been studied in 
great detail (Michel, 1990). Many studies have examined the 
relationship of the natural radionuclides in groundwater and 
the characteristics of the geological formations, or aquifers 
from which the water is derived (Kraemer and Reid, 1984; 
Michel, 1990; Dickson, 1985; Gilkeson and Cowart, 1987; 
Tanner, 1964b) 
Radium is nearly insoluble and does not form any soluble 
complexes that increase its solubility in groundwater (Michel, 
1990) . The process of alpha recoil, however, enhances the 
solubility of radionuclides since the recoil energies of the 
newly created daughters are 10+4 to 10+6 greater than typical 
chemical bond energies; atoms on an aquifer grain surface can 
be ejected directly into the interstitial water (Michel, 
1990). 
According to Michel (1990), the only water quality 
parameter that shows any correlation with radium concentration 
is total dissolved solids (TDS). At TDS levels greater than 
1,000 ppm, particularly in clean quartz sandstone, competition 
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for the few available sorption sites on the aquifer solids is 
high, and radium solubility is enhanced by the common ion 
effect; adsorbed radium ions can be replaced by more common 
ions in solution. Gilkeson and Cowart (1987) found a fairly 
strong correlation (r=0.741) between radium-226 concentration 
and TDS in Cambrian and Ordovician aquifers in Illinois. 
In a study of saline formation waters in the U.S. Gulf 
Coast region, Kraemer and Reid (1984) found a strong 
correlation between salinity and radium activity. They 
observed that water did not contain enough uranium parent 
material to support the radium activity observed in the water; 
they concluded that the parent material must be present in the 
aquifer matrix and that radium was released to the water. 
Kraemer and Reid (1984) also concluded the relationship 
between salinity and radium concentration may involve ion-
exchange dynamics. They indicated that the aquifer matrix 
contains minerals exhibiting ion-exchange properties; the 
minerals tend to adsorb multivalent ions such as radium from 
low ionic strength solutions and release them to high-ionic 
strength solutions. 
Dickson (1985) studied the factors controlling the 
mobilization of radium from source rocks by conducting a 
series of leaching experiments using sodium chloride and 
sodium sulfate solutions. An increase in the sodium chloride 
concentration of the leaching solution led to increases in the 
amount of radium leached from the source rocks. The addition 
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of small amounts of sodium sulfate, however, led to a decrease 
in the amount of radium leached into solution, probably as a 
result of coprecipitation reactions. As the concentration of 
the sodium sulfate was increased, the effect of the increase 
in sodium ions overcame the effect of the sulfate ions and 
radium leaching increased (Dickson, 1985). Dickson concluded 
that high concentrations of radium as a result of leaching by 
saline groundwaters may be common; ion-exchange was suggested 
as the dominant mechanism causing the leaching of radium. 
Tanner (1964b) notes that earlier workers have observed 
the tendency of ground water high in chloride to be enriched 
in radium-226 or to have greater capacity to leach radium-226. 
Tanner further suggests that the positive ions in solution 
with the chloride tend to compete for adsorption sites with 
radium and other alkaline earth ions, and chloride tends to be 
concentrated enough to lower the activity coefficients of the 
other ions in solution, reducing their tendency to 
precipitate. 
NURE program 
In the late 1970s and early 1980s, the National Uranium 
Resource Evaluation (NURE) program, sponsored by the United 
States Department of Energy (USDOE), studied and mapped areas 
one degree latitude by two degrees longitude in the central 
Red River Valley (USDOE 1979a, b, c) . The NURE program 
included the sampling and analyses of groundwater and stream 







and magnetic surveys. Brekke (1987), Cattafe et al. (1989), 
and Muessig (1989) have used to the NURE aerial gamma-ray 
surveys to predict soil radon potential. 
Soils 
A soil survey of Grand Forks County was completed by the 
United States Department of Agriculture (USDA) Soil 
Conservation Service (SCS) in 1981. The soil survey contains 
detailed maps showing the location of various soil types found 
in the county. The soil survey also includes descriptions of 
the soil types and discussions of their properties. 
Geology and groundwater 
It was recognized that the Red River Valley was once an 
ancient lake during the explorations of W.H. Keatings, D.O. 
Owen, H.Y. Hand, G.K. Warren, Robert Bell, and N.H. Winchill 
from 1823 to 1879 (Elson, 1983). Upham (1895) began mapping 
the area and named it Glacial Lake Agassiz. Upham continued 
mapping, and with the additional work of J.B. Tyrell and 
others in the north, produced a map of the lake in 1890 
(Elson, 1983). Since then, detailed maps of the valley have 
been completed by the North Dakota Geological Survey, Manitoba 
Geological Survey, Minnesota Geological survey, Canadian 
Geological Survey, and the United States Geological Survey. 
In the late 1940s county ground water studies led to 
detailed stratigraphic research and resulted in the 
establishment of formal names for the lithostratigraphic units 




K.L. Harris, S.R. Moran, Lee Clayton, B.M. Arndt and others 
in the United States and J.T. Teller, M.M. Fenton and others 
in Canada (Elson, 1983). 
The nature and origin of the saline soils and groundwater 
discharge in the Red River Valley have been studied by Laird 
(1944), Benz et al. (1976), Goebel and Gerla (1992), and, 
Strobel and Gerla (1992) who describe the processes and 
effects of saline groundwater discharge in eastern North 
Dakota. 
GEOLOGY AND GROUNDWATER RESOURCES 
Grand Forks County lies on the eastern flank of · the 
Williston Basin. The oldest rocks present beneath the surface 
in Grand Forks County include Precambrian igneous and 
metamorphic rocks greater than 2.5 billion years old (Hansen 
and Kume, 1970) . Sedimentary rocks ranging in age from 
Ordovician to Holocene overlie the Precambrian rocks, but many 
gaps occur in the rock record because of erosion or non-
deposition (Kelly and Paulson, 1970). 
As much as 625 meters of Paleozoic and Mesozoic 
sedimentary rock underlie the glacial sediments in Grand Forks 
County (Hansen and Kume, 1970). The sedimentary rocks, which 
dip gently west toward the center of the basin, thin and are 
sometimes absent in the eastern portion of the county where 
glacial deposits lie directly on the Precambrian basement 
rocks. 
Glacial drift (predominantly till and glaciolacustrine 
sediment) covers nearly all of Grand Forks County. The 
thickness of glacial sediments in the county ranges from Oto 
139 meters (Hansen and Kume, 1970). Glacial sediments are 
absent at locations where erosion has exposed the Cretaceous 
Pierre and Niobrara Formations along the Pembina escarpment in 
western Grand.Forks County (Hansen and Kume, 1970). 
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Ordovician rocks of marine origin unconformably overlie 
the Precambrian basement rocks in the subsurface of the 
County. Present are rocks of the Winnipeg Group (Roughlock, 
Icebox, and Black Island Formations) and the overlying Big 
Horn Group (Red River and Stony Mountain Formations) (Hansen 
and Kume, 19 7 0 ) . 
The Winnipeg Group is composed of shale, limestone, 
sandstone, and shaly limestone. While the lithology of the 
Winnipeg group is principally shale, some water-bearing 
sandstone beds are present near the middle of the group (Kelly 
and Paulson, 1970) 
Groundwater found in Ordovician rocks beneath Grand Forks 
County is generally saline with total dissolved solids (TDS) 
in excess of 10,000 mg/1. The dominant dissolved ions are 
sodium and chloride. The occurrence of groundwater in the Red 
River Formation depends on characteristics of the limestone 
such as fracturing and dissolution features. 
Up to 305 meters of Mesozoic rocks unconformably overlie 
the Ordovician rocks in Grand Forks County. The Mesozoic 
rocks include several formations of the Dakota, Colorado, and 
Montana Groups and possibly an undifferentiated Jurassic rock 
unit (Hansen and Kume, 1970). Of interest in this study are 
rocks of the Lower Cretaceous Dakota Group and Ordovician Red 
River Formation as they may serve as a conduit for the saline 
water from deeper in the Williston Basin. 
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Lake Agassiz occupied parts of the Red River Valley 
between 12,000 and 9,000 B.P. (Teller and Clayton, 1983). The 
total area that was inundated by the lake was about 950,000 
square kilometers, but it is important to note that the lake 
did not cover the entire area at one time; the maximum extent 
of the lake at one single time was about 350,000 square 
kilometers (Teller and Clayton, 1983). 
Numerous inlets and outlets were active during the time 
Lake Agassiz existed. The lake reached its highest levels in 
North Dakota when ice blocked the northern outlets; the lake 
then drained to the south via the Big Stone Lake/Minnesota 
River Spillway. When ice melted away in the north end of the 
basin, the Rainy River Spillway was opened and the lake 
drained east to the Lake Superior basin (Fenton et al., 1983). 
Drainage of the lake caused rapid fluctuations in the 
water level in the lake basin. During times of relatively 
stable water level, strandlines formed and sediments 
accumulated in the basin. The time Lake Agassiz existed in 
the basin is divided into various phases; each phase has one 
or more associated stratigraphic units. The phases (from 
oldest to youngest) and accompanying formations are: Cass 
Phase-Wylie and Argusville Formations; Lockhart Phase-Huot, 
Falconer, and Brenna Formations; Moorhead Phase- Poplar River 
Formation; and, Emerson Phase-Sherack Formation. 
The surficial sediments found in the Red River Valley 
belong to the Pleistocene Sherack Formation, which was 
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deposited during the last deep-water phase of Glacial Lake 
Agassiz. The sediment was likely derived from Cretaceous 
shale and marlstone as meltwater channels carried their 
sediment-charged loads to the lake. Coarse-grained sediments 
were deposited at the channel's inlet to the lake forming 
underflow fans; the silt- and clay-size fraction was carried 
into deeper parts of the lake. A surface geology map shows 
the relationship of coarse- and fine-grained sediment in Grand 
Forks County (Figure 2). Lake Agassiz drained for the final 
time approximately 9000 years before present (Elson, 1967) . 
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Figure 2. Surface geology of Grand Forks County (modified 








OFFSHORE LAKE SEDIMENT (fine-grained) 
WAVE-ERODED GLACIAL SEDIMENT, NUMEROUS BEACH 
RIDGES OR SCARPS (fine- and coarse-grained) 
RIVER AND BEACH SEDIMENT (mostly coarse-grained) 
COLLAPSED GLACIAL SEDIMENT (glacial till) 
SOILS 
Soils in Grand Forks County are divided into 12 major 
associations. Each association has a distinctive pattern of 
soils, relief, and drainage. An association typically 
consists of one or more major soils and some minor soils 
(USDA, 1981) The association is named for the major soils 
present in the association. 
Svea-Buse-Hamerly and Barnes-Cresbad-Cavour associations 
are medium textured soils formed in till found on till plains 
of western Grand Forks County. These nearly level to 
moderately sloping soils make up about 18 percent of the 
county (USDA, 1981). 
Nutley-Aberdeen, Glyndon-Gardena, Bearden, and Antler-
Gilby-Svea soil associations are fine to medium textured soils 
formed in glaciolacustrine deposits found on the Glacial Lake 
Agassiz plain. These dominantly level soils make up about 38 
percent of the county (USDA, 1981). 
Bearden-Antler and Ojata soil associations are fine 
textured soils formed in glaciolacustrine deposits found on 
the Glacial Lake Agassiz plain. These dominantly level, 
moderately to strongly saline soils make up about 23 percent 
of the county (USDA, 1981). They are separated from the other 
17 
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fine textured lake plain soil associations because of their 
salinity (Figure 3) 
Embden-Inkster, Wyndmere-Tiffany-Arveson, and Arvilla-
Hecla soil associations are medium to coarse textured soils 
formed in glaciofluvial and glaciolacustrine deposits found on 
delta plains and beaches on the Glacial Lake Agassiz Plain. 
They are derived from the higher energy (thus more coarsely 
textured) beach and delta deposits of Lake Agassiz. These 
soils make up about 18 percent of the county (USDA, 1981). 
Lastly, soils of the LaDelle-Cashel association are fine 
to medium textured soils formed in alluvium found on flood 
plains and stream terraces in Grand Forks County. They are 
subject to seasonal flooding and make up about 3 percent of 
the county (USDA, 1981). 
Consistent with the Grand Forks County soil survey, 
numbers have been assigned to each of the soil associations 
found in the county. The numeric assignments for the 
associations are as follows: 1-Svea-Buse-Hamerly; 2-Barnes-
Cresbad-Cavour; 3-Nutley-Aberdeen; 4-Glyndon-Gardena; 
5-Bearden; 6-Antler-Gilby-Svea; 7-Bearden-Antler; 8--0jata; 
9-Embden-Inkster; 10-Wyndmere-Tiffany-Arveson; 11-Arvilla-
Hecla; and 12-LaDelle-Cashel. 
l9 
Figure 3. Areas of saline soils, Grand Forks County (modified 
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RADIATION PHYSICS 
Radiation and secular equilibrium 
The stability of an atom results from the balance of 
forces associated with various components of the nucleus. If 
there are either too few or too many neutrons for a given 
number of protons, the resulting nucleus may undergo one of a 
number of possible nuclear transformations. Transformation or 
decay results in the formation of new nuclides that may also 
be radioactive. The series of transformations is called the 
decay chain of the radionuclide. The first radionuclide in 
the chain is-called the parent; the subsequent products of 
further transformations are called progeny, daughters or decay 
products. 
The three primary types of nuclear decay are alpha, beta, 
and gamma. In alpha decay, a particle consisting of two 
protons and two neutrons is emitted from the nucleus of the 
decaying atom. As a result, the decaying atom experiences a 
decrease in atomic mass number of four and a decrease in 
atomic number of two (Krane, 1988). 
In beta decay, a high velocity electron is ejected from 
the. disintegrating nucleus. The ejected electron may have 
either a positive or negative charge (Krane, 1988). The 
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atomic mass number of the decaying atom remains unchanged, but 
the atomic number increases or decreases by one (Krane, 1988). 
An atom that decays by alpha or beta emission is often 
left with excess energy. As a result, the nucleus releases 
the excess energy in the form of gamma radiation (an 
electromagnetic wave) which has an energy equal to the change 
in the energy state of the nucleus (U.S. Public Health 
Service, 1990). 
For any given radionuclide, the rate of decay is a first 
order process that depends on the number of radioactive atoms 
present and is characteristic for each radionuclide (U. s. 
Public Health Service, 1990). The process of decay is a 
series of random events; temperature, pressure, or chemical 
combinations do not effect the rate of decay. While it is not 
possible to predict exactly which atom will decay at a given 
time, it is possible to predict, on the average, how many 
atoms will decay during any interval of time. 
The condition in which the ratios between the activities 
of two or more successive members of a decay chain remains 
constant is termed radioactive or secular equilibrium. 
Secular equilibrium occurs when a parent element has a much 
longer half-life than the daughters (so there is not an 
appreciable change in the amount of parent atoms in the time 
interval required for later products to attain equilibrium). 
Then, after equilibrium is reached, equal numbers of atoms of 
all elements of the series disintegrate in unit time. Secular 
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equilibrium is never actually attained, but is approached in 
cases such as the radium-226 decay chain (USPHS, 1990). The 
half-life of radium-226 is about 1600 years; the half-life of 
radon and subsequent members is much less (on the order of 
seconds to days) . After about a month the "equilibrium" 
amount of radon is present. Then, all members of the decay 
chain essentially decay at the same number of atoms per unit 
time. 
Radon 
Radon is a colorless, odorless, radioactive gas. 
Commonly occurring radon isotopes include radon-222, radon-
220, and less commonly radon-219. 
Formed in the uranium-238 decay chain from the decay of 
radium-226, radon-222 is the most important radon isotope 
because it has the longest half-life, 3.8 days (Figure 4). 
The relatively long half-life allows it to be transported over 
a greater distance than the shorter lived radon isotopes. In 
contrast, radon-220, formed by the decay of radium-224 (a 
member of the thorium-232 decay chain, shown in Figure 5) has 
a much shorter half-life (56 seconds) which limits the 
distance it can travel before it decays. Finally, very little 
of another radon isotope, radon-219, reaches the air because 
it is in the decay chain of uranium-235 (which has a much 
lower natural abundance than either uranium-238 or thorium-
232) and it has a very short half-life (4 seconds). 
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Figure 4. Uranium-238 decay chain (modified from Nazaroff et 
al. , 19 8 8) . 
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A principal characteristic of radon that gives it more 
radiological significance than earlier members of the uranium 
and thorium decay chains is the fact that it is a noble gas. 
Once it is formed in a radium-bearing material, a radon atom 
is relatively free to move, provided that it first reaches the 
material's pore space. This is typically accomplished by the 
recoil from the parent radium atom's emission of an alpha 
particle (Nazaroff et al., 1988). Once in the pore space, 
transport of radon is possible, either by molecular diffusion 
or by flow of the fluid in the pore space. Radon can 
therefore reach air or water to which humans have access, 
provided that transport is sufficiently rapid to be completed 
before the radon decays. 
Another important characteristic of radon is that it 
decays to radionuclides that are chemically active and 
relatively short-lived (Nazaroff et al., 1988). As indicated 
in Figure 4, the four radionuclides following the decay .of 
radon-222 have half-lives of less than 30 minutes, so that if 
collected in the lung on inhalation, they are likely to decay 
to lead-210 before removal by lung clearance mechanisms 
(Nazaroff et al., 1988). 
As the radon daughters decay, they expose the lung tissue 
to various energy radiations, to which the increased risk of 
lung cancer is attributed. The alpha radiation from the 
polonium isotopes contributes the radiologically significant 
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dose, because the alpha particles deposit their energy within 
such a small thickness of tissue (Nero, 1988). 
Radon origins 
Radon is produced by the radioactive decay of radium, a 
product of uranium and thorium decay in rocks and soil. In 
theory, radon-222 concentrations in soil gases should be 
directly proportional to the uranium content of the mineral 
matter in the soil. In actuality, however, the amount of 
radon produced by and contained in soils is influenced by a 
number of additional factors, such as soil porosity and 
permeability, soil moisture and temperature, and atmospheric 
conditions including wind and barometric pressure (Schumann et 
al., 1989) While the above-mentioned factors may affect the 
amount of radon present in a soil at a given time, the most 
important factor is the concentration of radon parent 
materials in the soil (Schumann and Owen, 1988). 
When a radium atom disintegrates, it yields an alpha 
particle and a radon atom. The atom is stripped of its outer 
electrons and expends its kinetic energy of recoil, about 
1Xl05 electron volts, along a track that is roughly 3X10-5 cm 
long in minerals of normal rock density and from about 6X10- 3 
to 9X10- 3 cm in air (Tanner, 1964a). The radon atom may then 
diffuse until it disintegrates or escapes from the mineral 
grain. The fraction of the radon atoms that escape from the 
mineral grain is termed the emanating power or the emanation 
coefficient of the mineral. From experimental measurements of 
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the emanation coefficients of rocks and soils, an approximate 
range of 0.05 to 0.7 is indicated for soils (Nazaroff et al., 
1988) . 
Factors affecting soil gas radon concentration 
Emanation coefficients 
The emanation coefficient is considered to have three 
components: direct recoil, indirect recoil, and diffusion. 
These components arise from the locations of the end points of 
the path of the recoiling radon atoms (Nazaroff et al., 1988) . 
The direct recoil fraction refers to radon atoms that end 
their recoil in the fluid-filled pore space. The indirect 
recoil fraction leave the grain in which they were created, 
traverse a pore, and penetrate another grain. They must then 
migrate out of the pocket created by their passage to enter a 
pore. The diffusion fraction refers to the radon atoms that 
begin and end their recoil within a single grain. They then 
must migrate to the pore through molecular diffusion. 
An analysis of the emanation process for uniformly 
distributed radium in undamaged mineral grains leads to much 
lower emanation coefficients than are generally observed in 
nature (Nazaroff et al., 1988) First, only radium atoms 
within the recoil range of the surface generate radon atoms 
that have any chance of escaping the grain. An analysis of 
the diffusion of radon in intact grains suggests that the 
diffusion fraction is entirely negligible, as the maximum 
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distance rac.on can travel by diffusion before decaying is 
about 10-13 meters (Nazaroff et al., 1988) 
Two hypotheses have been formulated to account for the 
large difference between theoretical and measured emanation 
coefficients (Nazaroff et al., 1988). The first hypothesis is 
that radium is not distributed uniformly throughout the grain 
but rather is concentrated in secondary crusts or films on the 
surfaces of grains. The second hypothesis is that chemical 
corrosion and radiation damage due to the decay of its 
precursors damages the crystalline structure in the vicinity 
of the newly formed radon atom, allowing it to migrate out 
more readily than would otherwise be possible. 
The hypothesis that radium is concentrated in crusts 
around mineral grains is supported by a study that found 
uranium-238 and thorium-232 concentrations to vary linearly 
with the fraction of the soil mass having particle diameters 
less than 20 microns (Tanner, 1964a). The second hypothesis 
is supported by a study of radon emanation from Hawaiian 
basal ts. As these rocks were formed recently, one would 
expect little radiation damage and therefore a relatively low 
emanation coefficient (Wilkening, 1974). 
Soil moisture 
Another factor that greatly influences emanation 
coefficients is soil moisture. An explanation for this is 
that radon atoms have a much lower recoil range in water than 
in air. A radon atom entering a pore space that is partly 
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filled with water has a high probability of ending its recoil 
in water. Once in the pore water, the radon atom is rapidly 
transferred to the air in the pore (Nazaroff et al., 1988). 
As can be seen from the above discussion, soil moisture 
is an important factor in the generation of radon. Another 
effect of soil moisture is the so-called "capping effect". 
This occurs when the uppermost layers of soil become saturated 
or the moisture in them is frozen, thus slowing the release of 
radon to the atmosphere and concentrating the radon beneath 
the capping layer (Schumann et al., 1989). Capping may occur 
after heavy rainfalls and when the soil freezes in winter. 
Meteorologic conditions 
Changes in atmospheric pressure have been found to cause 
changes in soil-gas radon concentrations (Schumann et al., 
1989) Falling barometric pressure tends to draw soil gas 
from the ground, while rising barometric pressure forces 
atmospheric air into the ground, driving the radon to deeper 
levels. Wind turbulence can create pressure gradients in 
soils that are similar to those caused by changes in 
barometric pressure. 
Temperature may also have an effect on radon 
concentrations. One experiment showed that radon exhalation 
rates in soil and shale samples increased by 50 to 200 percent 
in response to increasing the temperature from five to 22 
degrees Celsius (Stranden et al., 1984). 
FIELD METHODS 
General 
Soil and soil gas sampling was carried out in Grand Forks 
county during late summer and fall of 1989. The sampling 
began at UND, on the lawn near Leonard Hall. Results varied 
somewhat in the initial tests, but eventually repeatable 
results were obtained. 
one of the possible relationships to be investigated was 
the relationship between soil types and radon levels. Twelve 
major soil associations are present in the county (USDA, 
1981). The general sampling plan was to sample the different 
soil associations shown on the map and note any differences in 
radon levels. Soil samples were collected from each soil gas 
sampling location and retained for future laboratory analyses. 
Sample identification 
The Soil Survey of Grand Forks County (USDA, 1981) was 
used to in determine sampling locations. In a typical 
sampling event, one of the twelve soil associations depicted 
on the generalized soil map of Grand Forks County was chosen 
for sampling. The soil survey includes 111 detailed soil map 
sheets at a scale of 1:2000. Each map sheet consists of a 
black and white air photo showing about 3,885 hectares; the 
mapped soil units are delineated and labeled. 
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The location of each sample was identified on the map 
sheets; the sample number was derived from the sheet number. 
For example, two separate samples taken from an area shown on 
sheet 101 would be given sample identification numbers of 
sheet 101-1 and sheet 101-2. The samples were given an 
additional identifier "A" or "B", depending on the depth 
sampled. Samples collected from the Oto 1 meter depth were 
designated "A", and samples collected from 1 to 2 meter depth 
were designated "B". A sample designated by 101-2-B would be 
the 1 to 2 meter interval at the second sampling location on 
sheet 101. Appendix I lists all soil sampling locations using 
the designation described above and by quarter, section, 
township, and-range. 
Soil sampling 
Soil samples were collected using a 30 centimeter long 
JMC soil sampling tube (manufactured by Clements Associates 
Incorporated, Newton, Iowa) connected to a "tee 11 handle 
fabricated from 1. 3-centimeter diameter iron rod approximately 
60 centimeters long welded to a handle consisting of 1.9-
centimeter diameter iron pipe (Figure 6). The bottom of the 
iron rod was threaded so the sampling tube or additional 1.3-
centimeter diameter iron rod could be connected for deeper 
sampling. The "tee" handle was manufactured at the UND 
engineering machine shop and the sampling tube was purchased 
locally. 
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Figure 6. Soil sampling tube and "tee" handle. 
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Soil sampling generally followed this procedure: 
1. Select an undisturbed site (~sually adjacent to 
a field, not plowed). 
2. A soil sampling tube (outside diameter slightly 
smaller than the soil gas probe outside diameter) 
was used to core approximately one meter into the 
ground. Soil samples were bagged, labeled, and 
retained for future analysis. 
3. A soil gas sample was withdrawn. 
4. An extension was added and the soil sampler was 
used to sample the interval between one and two 
meters. The soil sample was bagged and labeled 
for future analysis. 
Soil gas sampling 
One of the objectives of this study was to sample and 
analyze soil gas for radon-222. This was accomplished by 
extracting gas from the pore space in the soil and analyzing 
the soil gas with an alpha scintillation counter. 
The soil gas sampling probe was manufactured at the UND 
engineering machine shop (Figure 7). The gas sampling probe 
was constructed of 2.5-centimeter schedule 40 iron pipe and 
2.5-centimeter diameter iron rod. The soil gas sampling probe 
consisted of a "tee" handle constructed of pipe, a tee, 
endcaps, a sampling port, and a coupler made from rod so 
additional sections of pipe could be connected together. A 
point was fashioned from 2. 5-centimeter diameter rod and 
38 
Figure 7. Soil gas sampling probe. 
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connected to the bottom of the pipe to aid in the insertion of 
the probe into the ground. To allow soil gas to enter into 
the probe, the lower 30 centimeters of the pipe was perforated 
with six rows of holes parallel to the long axis of the pipe. 
The soil gas sampling probe was assembled with teflon 
pipe tape and/or pipe compound to ensure an air-tight seal. 
Once a sampling location was cored, the sampling probe was 
inserted into the borehole and a sample was withdrawn using a 
vacuum pump. 
Soil gas sampling generally followed this procedure: 
1. The soil gas probe was inserted into the boring. 
2. Tubing, filter, 0.16-liter lucas cell, and Gilian 
vacuum pump were connected to soil probe (Figure 
8) • 
3. Soil gas was extracted at a rate of two liters 
per minute for three minutes, ensuring the probe, 
tubing, and lucas cell had five or more volumes 
of soil gas pass through the system. 
4. The pump was shut off and all equipment was 
disconnected; the probe was removed from the 
boring. 
5. The lucas cell was taken back to the office. 
Radon-222 levels were determined with an alpha 
particle scintillation counter. 
Initially, only three lucas cells were available for use 
in soil gas sampling. Later, an additional lucas cell was 
Figure 8. Vacuum pump, lucas cell, and filter connected to 
soil gas sampling probe. 
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obtained and sampling began in duplicate (two samples from 
essentially the same location, generally three to six meters 
apart) . Duplicate sampling gave an indication of sampling 
consistency. 
Lucas cells are hollow cylindrical devices coated on the 
inside with zinc sulfide (Figure 9). One end of the lucas 
cell contains ports for connecting a vacuum pump and a 
sampling tube. The other end of the lucas cell is sealed by 
transparent glass. When a lucas cell is placed in a 
scintillation counter, the light photons produced by an alpha 
particle impinging on the zinc sulfide coating are amplified 
and read by the counter. The amount of light recorded by the 
detector is proportional to the amount of radon-222 in the 
lucas cell. 
The alpha activity within each lucas cell (background) 
was determined prior to each use. The cells were counted for 
ten minutes; the background activity was recorded and used in 
calculating the activity of the sample. 
After the soil gas samples were collected, the lucas 
cells were returned to Leonard Hall for analysis. The lucas 
cells were allowed to equilibrate for at least four hours so 
that the radon within each cell could reach secular 
equilibrium with the radionuclides lower in the decay chain. 
The room containing the alpha scintillation counter was 
darkened and the lucas cells were placed in the counting well. 
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Figure 9. Lucas cell used in determination of soil gas radon. 
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The lucas cells were counted for ten minutes with the 
resulting number of gross counts displayed on the 
scintillation counter. The gross counts were then converted 
to counts per minute (cpm). 
The activity of each the soil gas sample was calculated 
using the equation supplied in the manufacturer's 
instructions. The equation required the following data: 
background cpm; gross cpm of the sample; and the time elapsed 
(in hours) between the sampling event and the time the sample 
was counted. The following formula (EDA Instruments 
Incorporated, no date) was used to calculate radon values: 
Rn pCi/ 1 = (sample cpm - background cpm) 
(4 x O .16 x decay factor) 
where decay factor= exp (-0. 00756 x time) 
The relatively short half-life of radon-220 and the long 
half-life of lead-212 (both in the thorium-232 decay chain) 
means that radon-220 and its decay products will not interfere 
with radon-222 measurements where counting is delayed a few 
minutes or more after sampling (USEPA, 1992). 
Lucas cells were purged with nitrogen after each use. 
After purging, the residual radionuclides within the lucas 
cells were allowed to · decay overnight so that background 
levels were kept at levels as low as practical. 
The scintillation counter, vacuum pump, and lucas cells 
were loaned from the UND Physics Department. This type of 
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equipment would typically be used for obtaining a "grab 
sample" in a room or other enclosed space. 
Aerial gamma ray maps 
Part of the NURE work completed in l979 included the 
preparation of aerial gamma-ray and magnetic surveys of the 
Fargo, Grand Forks, and Thief River Falls 1 by 2 degree 
quadrangles (USDOE, l979a, 1979b, 
consisted of essentially east-west 
approximately 9.7 kilometers apart. 
together" by additional north-south 
approximately 38.6 kilometers apart. 
l979c). The surveys 
flight lines spaced 
Each survey was "tied 
flight lines spaced 
The airplane carrying 
the gamma-ray spectrometer flew approximately 122 meters above 
the ground surface. It is important to note that the airborne 
radiometric survey senses only the top thirty or sixty 
centimeters of the soil (USDOE, l979c) 
The original purpose of the NURE survey was to identify 
potential uranium resources and identify areas for further 
exploration. The data collected included gamma spectrometer 
counts for bismuth-214, thallium-208, and potassium-40. 
Bismuth-214 is in the uranium-238 decay series and can be used 
to estimate concentrations of radon, assuming radioactive 
equilibrium. The NURE data were used to prepare the radio-
nuclide concentration maps (Figures 10, 11, 12, and 13). 
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Figure 10. Equivalent uranium concentration map based on NURE 
aeroradiometric surveys, Grand Forks County (modified from 
USDOE, 1979a, 1979b). 
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11. Equivalent thorium map based on NURE aeroradio-
surveys, Grand Forks County (modified from USDOE, 










Figure 12. Potassium-40 concentration map 
aeroradiometric surveys, Grand Forks County 
USDOE, 1979a, 1979b) . 
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Figure 13. Equivalent uranium to equivalent thorium ratio map 
based on NURE aeroradiometric surveys, Grand Forks County 
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All soil samples collected in the field were retained for 
future analysis. Due to financial constraints, only about 
two-thirds of the soil samples were analyzed for equivalent 
uranium, uranium by fluorimetry, and soluble salts. 
Soil samples were disaggregated with a mortar and pestle 
and/or a small electric blender so the soil particles were 
small enough (> 1.3 centimeters in diameter) to pass through 
the grate of the riffle splitter. Samples were split using a 
Humboldt model H-3980 riffle splitter to ensure representative 
sample splits. 
The soil samples were placed into 300-milliliter 
(approximately 8.4-centimeter diameter by 5.8-centimeter 
height) aluminum cans. The mass of each can had been 
determined to the nearest 0.1 gram prior to filling. The cans 
containing the soil samples were placed in an oven at 108 
degrees Celsius for at least 16 hours to drive off soil 
moisture. After the cans cooled, the soil samples were split 
into two approximately 10 to 15 gram parcels, each placed in 
20 milliliter glass scintillation vials. One of the vials was 
sent to a contract laboratory and the other vial was retained 
for soluble salts analysis. The remainder of the soil 
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(typically 150 to 250 grams) was returned to the aluminum 
cans. 
The mass of the cans was again determined to the nearest 
0.1 gram. The cans were capped using an "automatic" canning 
machine. The sealed samples were allowed to reach secular 
equilibrium (after about 31 days) prior to analysis. 
Determination of radium-226 
After the samples had reached equilibrium, they were 
analyzed using gamma-ray spectrometry at the North Dakota 
State Laboratory in Bismarck. The gamma-ray spectrometer and 
associated equipment was manufactured by Canberra and utilized 
a germanium detector. The gamma-ray spectrometer was 
calibrated for energy and efficiency using a standard 
available at the state laboratory. The standard was in a 
container identical to the containers used for the soil 
samples so the sample/detector geometry was consistent between 
the standard and the unknowns. Spectra acquisition time 
ranged from approximately 2 to 12 hours. 
The spectra were analyzed using Canberra Spectran-F 
version 2.06 software. The 295 kev and 352.0 kev peaks from 
lead-214 and the 609.3 keV peak from bismuth-214 were used to 
determine radium-226 concentrations in pCi/g for each sample 
(1.0 pCi equals 3.7 X 10-2 becquerels or about 2.22 
disintegration per minute) 
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Equivalent uranium 
The results of the gamma-ray spectrometry were reported 
by the laboratory as radium-226 concentration in pCi/g. In 
calculating equivalent uranium (eU), secular equilibrium is 
assumed; thus the activity of U-238 is assumed to equal the 
activity of Ra-226. 
The specific activity (SpA) of U-238 was calculated to be 
3.34 x 10- 7 Ci/g which is equivalent to 0.334 pCi/µg. 
Micrograms per gram (µg/g) is equivalent to ppm; by dividing 
the Ra-226 results in pCi/g by 0.334 pCi/µg, eU in ppm was 
calculated. 
Uranium by fluorimetry 
The mass of the 20 milliliter scintillation vials was 
determined to the nearest 0.0001 gram on an analytical balance 
prior to filling with the sample splits. The vials were then 
filled with the 10 to 15 gram sample splits and the mass was 
again determined to the nearest 0.0001 gram. One of the vials 
was sent to a contract laboratory (Energy Laboratories, 
Incorporated, Casper, Wyoming) for uranium analysis and the 
other was retained for salinity analysis. 
The 10 to 15 gram soil samples were digested in an acid 
solution and then fused into a carbonate flux. The fused 
mixtures were then analyzed for uranium by fluorimetry (EPA-
908.1), in which the mass of the uranium is proportional to 
the fluorescence of the fused mixture. The detection limit 
for this method was 0.2 picocuries per gram. 
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The C.uorimetry results from the laboratory were reported 
in picocuries per gram of "natural uranium," which means all 
isotopes of naturally occurring uranium are included in the 
activity. The three naturally occurring uranium isotopes are 
U-235, U-234, and U-238. This study, however, required the 
determination of uranium-238, so it was necessary to estimate 
the activity of the U-238 from the "natural uranium." The 
estimate assumes that the three uranium isotopes are found in 
their natural abundances; 99.2830% U-238, 0.7110% U-235, and 
0.0054% U-234. The estimate took into account the specific 
activity (activity per gram) of each isotope. The specific 
activities of each isotope were calculated using the following 
formula (Wang, 1969): 
SpA (in Curies per gram)= 3.59 x 10 5 / T 112 x atomic weight 
where T i/ 2 is in years . 
The half-life of U-238 is 4.51 x 10 9 years, and the 
atomic weight of U-238 is 238.0508 (Heath, 1982). The 
specific activity for U-238 was calculated to be 3. 34 x 10- 7 
Curies per gram. The half-life of U-235 is 7.1 x 10 8 years 
and the atomic weight is 235.0439 (Heath, 1982). The SpA for 
U-235 was calculated to be 2 .15 x 10-6 Ci per gram. The half-
life for U-234 is 2.47 x 10 5 years and its atomic weight is 
234.0409. The SpA of U-234 was calculated to be 6.2 x 10·3 Ci 
per gram. 
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To calculate the amount of each isotope present, the 
natural abundance of each isotope was multiplied by its 
respective specific activity. The sum of the three products 
represents the "total" activity that one would expect to find 
from one gram of naturally occurring uranium containing all 
three isotopes. The product of the relative abundance and 
specific activity of U-238 was divided by the total activity; 
the quotient represents to fraction of natural uranium 
activity attributable to U-238 (about 48.6%). The 
calculations used to determine the percentage U-238 are 
presented below: 
0. 992830 X (3. 34 X 10-7 ) Ci/g = 3. 32 X 10-7 
0. 007110 X (2 .15 X 10-6 ) Ci/g = 1. 53 X 10-8 
0. 000054 X (6. 20 X 10-3 ) Ci/g = 3. 35 X 10-7 
total uranium activity= 6.82 x 10-7 Ci/g 
U-238 Activity: 
U-238 = 3. 32 X 10-7 Ci/g = 
total U= 6.82 xio-7 Ci/g 
Determination of soluble salts 
0.486 
A test method was developed to quantify the amount of 
soluble salts in a soil sample. The method is similar to the 
saturated paste extract procedure (USDA, 1954) used by soil 
scientists in the determination of soil salinity except that 
a more dilute suspension of soil and water was used. 
The principle used in the procedure is that the 
conductivity of water generally increases with increasing 
amounts of dissolved solutes. According to Freeze and Cherry 
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(1979), total dissolved solids (TDS) in ppm is 0.55 to 0.75 
times the conductivity in microsiemens per centimeter (µ.S/cm), 
depending on the valence of the ions present in solution. A 
factor of 0.65 was used in this procedure. Soil samples were 
mixed with a mass of water five times the mass of the sample. 
The soil/water mixtures were allowed to equilibrate overnight; 




Measured radon-222 levels ranged from a low of 200 pCi/1 
to a maximum of about 1 700 pCi/1. Figure 14 shows the 
distribution of soil gas radon concentrations. Soil gas radon 
concentration, location, sampling date, soil association, and 
soil type for each sample are listed in Appendix I. 
Sampling was conducted in pairs so that the precision of 
the sampling could be assessed. Because the paired samples 
were taken from locations generally less than 10 meters apart, 
it was expected that the paired samples would yield similar 
soil gas radon concentrations. In some cases a high degree of 
precision was attained, such as in samples 108-3 and 108-4, 
which had soil gas radon concentrations of 207.49 pCi/1 and 
219.23 pCi/1, respectively. Alternatively, samples 10-1 and 
10-2 had measured soil gas radon levels of 188.87 Pci/1 and 
893 pCi/1, respectively. 
Since radon levels largely depend on the amount of radium 
present in the soil, the lack of consistency in soil gas radon 
concentrations of samples 10-1 and 10-2 could be attributed to 
diff.erences in soil radium concentration. The soil radium 
concentrations for samples 10-1 and 10-2, however, were 
determined to be 1. 31 pCi/g and 1.16 pCi/g, respectively. 
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Similarly, samples 94-1 and 94-2 had soil radium 
concentrations of 1.53 pCi/g and 1.43 pCi/g, but had soil gas 
radon concentrations of 304.95 pCi/1 and 936.89 pCi/1, 
respectively. A probable cause of the great difference in 
soil gas radon concentrations is the "contamination" of the 
soil gas sample by atmospheric air. For example, if the 
boring for the soil gas probe encountered a fracture or other 
large macropore in the soil, the soil gas sample would likely 
have an erroneously low concentration of radon because of the 
inward leakage of atmospheric air. Likewise, the boring could 
intercept an animal or insect burrow, thereby leading to a 
lower level of radon than is actually present. Because an 
underestimate of soil-gas radon concentration is most likely, 
it seems reasonable that the higher of the two paired soil-gas 
sample radon concentrations most · accurately represents the 
true soil-gas radon concentration. 
Factors other than radium or radium precursor 
concentrations can affect the amount of soil gas radon at any 
particular time and location. Soil moisture, emanation 
coefficients, barometric pressure, and temperature have all 
been shown to affect radon concentrations. Field conditions 
typically vary, thus it is difficult to precisely measure 
soil gas radon concentration. 
Figure 15 shows the relationship between average eU and 
average soil-gas radon concentration for nine of the twelve 
soil associations found in Grand Forks County. The average 
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values for radon and eU are listed in Table 1. Despite the 
difficulties in obtaining representative soil gas samples, a 
correlation coefficient of 0.92 indicates a significant 
relationship between average soil eU concentrations and soil 
gas radon concentrations. 
Table 1. 
Soil Equivalent Radon-222 
Association uranium (ppm) (pCi/1) 
Svea-Buse-Hamerly 2.75 383.2 
Barnes-Cresbard-Cavour 3.63 418.2 
Nutley-Aberdeen 4.02 642.4 
Bearden 5.18 851.8 
Antler-Gilby-Svea 3.35 494.0 
Bearden-Antler 5.00 809.7 
Ojata 4.21 679.0 
Embden-Inkster 3.58 624.9 
Wyndmere-Tiffany-Arveson 3.50 603.4 
Uranium by fluorimetry 
Appendix II lists the results of uranium by fluorimetry 
analysis in pCi/g, the fraction of the natural uranium 
activity attributable to U-238 in pCi/g, and the calculated 
concentration of U-238 in ppm. Figure 16 shows the concen-
tration distribution for the uranium by fluorimetry results. 
Equivalent uranium by gamma-ray spectrometry 
Appendix III gives the results of gamma-ray spectrometry 






















eU-238 in parts per million (ppm). Figure 1 7 shows the 
concentration distribution for the equivalent uranium results. 
Soil salts by electrical conductivity (EC) 
The amount of soluble minerals in the soil samples was 
determined by relating the conductivity of a dilute suspension 
of soil and water to total dissolved solids. Conductivities 
ranged from 118 to 6870 µS/cm; corresponding soluble salts 
ranged from O. 04 to 2. 23 percent by weight. Appendix IV lists 
the results of the soil salts determination in percent of dry 
mass. Figure 18 shows the concentration distribution for soil 
salts. 
Relationship of eU to natural uranium concentrations 
Secular equilibrium occurs in a radioactive decay chain 
when after a certain length of time, all members of the decay 
chain are decaying at essentially the same rate, that is, they 
have essentially the same activity. If the activities of the 
members of the decay chain are about equal, then the ratio of 
activities of any two members of the decay chain should be 
approximately one. Thus, an estimate of the degree that 
secular equilibrium is approached may be made by examining the 
activity ratios of any two members of a decay chain. Figure 
19 shows the eU to U ratio versus eU and illustrates the lack 
of secular equilibrium in the samples that were analyzed. 
If ratios of eu to U consistently fell on the range of 
0.5 to 1.5, it would appear that a condition of secular 
equilibrium exists. Only eight of 92 samples had eu to u 
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ratios in the zero to one range; 16 of 92 samples had activity 
ratios in the one to two range. Combining the 0-1 and 1-2 
range, only 24 of 92 (about 25%) of the samples were "close" 
to being in secular equilibrium. The remainder of samples 
have activity ratios up to about eight. 
The lack of secular equilibrium in most of the samples 
may indicate that processes other than the decay of uranium-
238 control the amount of radium in the soils. 
Relationship of eU to soil salinity 
A comparison of the soils map (Figure 3) and eU 
concentration map (Figure 10) of Grand Forks County shows the 
apparent relationship between elevated eU areas and areas of 
saline soils. The two areas partially overlap, suggesting a 
positive correlation may exist between soil salinity and soil 
eU concentration (Figure 20). Figure 21, however, shows the 
apparent lack of correlation between soil salinity and eU. 
Equivalent uranium generally increases with increasing salt 
concentration; however, many samples with low salt content 
have relatively high eU concentrations. 
A plot of percent salt versus eU to salt ratio (Figure 
22) suggests that two separate populations of data are present 
(possibly indicating that at least two processes are 
occurring) Many samples exhibit high eU to salt ratios, 
suggesting that elevated eU levels can occur without a 
concurrent increase in salts. These data generally do not fit 
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Figure 20. Saline soils superimposed on eU concentration map 
(modified from USDA, 1981; USDOE, 1979a, 1979b). 
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Figure 21. Plot of soil-salt versus eU. 
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Figure 22. Plot of soil-salt versus eU to salt ratio. 
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the hypothesis suggested by the comparison of eU and soil maps 
(increasing eU with increasing salinity). 
Figure 22 shows a number of data points with eu to salt 
ratios between one and ten. These data seem to concur with 
the hypothesis suggested by the map (increasing eU with 
increasing salinity). Figure 23 shows a moderate correlation 
(r=0.63) between eU and soil salts. 
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Figure 23. Graph of soil-salt versus eU for selected samples. 


















The purpose of this study is to examine the relationship 
and areal distribution of salinity, radon, and radon 
precursors in Grand Forks County soils. The area is unique 
because of the upward flow of saline groundwater and the 
salinization of soils in parts of the county. Areas of the 
county with elevated soil salinity appear to exhibit higher 
bismuth-214 gamma ray flux than soils of lesser salinity. 
Bismuth-214 is one of the radioactive daughter products of 
radon-222 and radium-226. 
Equivalent uranium, equivalent thorium, potassium-40, and 
derivative maps have been produced using aerial y-ray data 
collected by the NURE program in 1979. These maps, when 
compared to county soil survey maps, show several 
similarities. Areas mapped as saline soils and nearby non-
saline soils typically exhibit higher y-radiation intensities 
than surrounding areas. Radon concentrations observed in the 
field appear to be consistent with concentrations predicted by 
calculations using NURE eU values. 
Because Glacial Lake Agassiz drained from the Red River 
Valley only 9000 years ago, some geologic processes (such as 
saline groundwater discharge from underlying bedrock units 
88 
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through surficial glaciolacustrine sediments) have only 
occurred in the valley for a relatively short time. The cause 
er causes of the eU distribution in the soils of Grand Forks 
County have also likely been occurring for a short time. 
Three hypotheses may explain the eU concentration 
patterns observed in Grand Forks County. One explanation is 
that the eu patterns are a product of initial deposition. In 
a study of the distribution of naturally-occurring 
radionuclides in soils of southern Saskatchewan, Kiss et al., 
(1988) found that the activities of potassium-40, bismuth-214 
(a member of the uranium-238 decay series), and thallium-208 
(a member of the thorium-232 decay series) generally decreased 
as soil texture became coarser. Further, they suggested that 
distinct geographic areas with elevated radionuclide levels 
were likely due to local variations in soil parent material 
composition. The eU patterns observed in Grand Forks County 
(Figure 10) do appear to vaguely follow mapped surficial 
geologic units (Figure 2). In concurrence with Kiss et al. 
(1988), higher eU values appear to be associated with fine-
grained, deep water lacustrine sediment rather than the more 
coarse-grained beach sediments. Also observed, however, are 
areas of elevated eU within the areas of lacustrine sediment. 
Another possibility is that uranium-238, a radon parent, 
is being concentrated in areas of saline soils by groundwater 
discharge and evaporation. Uranium-238 has a half-life of 
approximately 4. 9Xl0 9 years, and many more than 9000 years 
90 
(approximately 2.5 million years) must pass before sec'cllar 
equilibrium between uranium/radium/radon is reached. If 
uranium is in equilibrium with its radioactive daughter 
products, then eU concentrations (essentially a measurement of 
uranium daughter products) should be approximately equal to 
uranium concentrations as measured by fluorimetry. The 
results of this study demonstrate that uranium is not in 
equilibrium with its radioactive progeny; soils appear to have 
higher levels of uranium daughter products than can possibly 
be expected from observed uranium levels. 
One of the hypotheses proposed in this study is that 
radium-226 is preferentially transported in the saline 
groundwater that is discharged from bedrock aquifers in Grand 
Forks County. Radium appears to be more soluble in water with 
high TDS. In an aquifer with high TDS water, competition for 
the few available sorption sites is high, and radium 
solubility is enhanced (Michel, 1990). The bedrock aquifers 
that discharge to the surface in Grand Forks County often have 
TDS values ranging from 4,000 to 10,000 ppm (Kelly and 
Paulson, 1970); thus, it may be reasonable to expect that 
radium transport could occur under such conditions. 
Areas of high eU soils are concentrated in the eastern 
one~third of Grand Forks County (Figure 10). The areas of 
high eU generally correspond to soils of the Bearden-Antler 
association and the Ojata association (Figure 3). The 
Bearden-Antler association and the Oj ata association cover 
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about 23 percent of the county and consist of dominantly 
level, moderately fine textured, saline soils (USDA, 1981). 
The salinity of the above-mentioned soils is attributed to the 
upward flow of saline groundwater from the Cretaceous Dakota 
Aquifer and possibly the Ordovician Red River Formation. The 
saline soils generally overlie the areas of artesian flow in 
Grand Forks County depicted in Figure 24. Benz et al. (1976) 
determined that approximately 1.3 cm of water per year flowed 
upward to the shallow subsurface in areas of eastern Grand 
Forks County. The areas of elevated gamma-ray flux appear to 
roughly correspond to the areas of saline soils in Grand Forks 
County, which suggests a relationship between soil salinity 
and radon precursors. 
A proposed mechanism for the concentration of naturally 
occurring radionuclides as follows: 
1. Water from the Dakota Sandstone or older formations 
is brought to the surface because of the upward 
hydraulic gradient observed in parts of the Red 
River Valley. The upward flowing water has the 
potential to leach radium from sediments as adsorbed 
radium ions may be replaced by more common ions in 
solution (ion-exchange). Competition for adsorption 
sites is high; the high TDS of the water tends to 
keep radium in solution. 
2. Upon reaching the surface, the water evaporates, 
leaving behind the dissolved salts and radium. 
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Figure 24. Areas of artesian flow and underlying bedrock, 
Grand Forks County (modified from Kelly and Paulson, 1970). 
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3. The accumulation of radium leads to areas with 
anomalously high levels of aerial r-radiation, as 
depicted in Figure 10. 
Groundwater discharge 
As discussed above, the conditions for radium transport 
appear to be favorable in the saline groundwater discharged in 
the Red River Valley. Given the relatively short half-life of 
radium-226 (about 1600 years) and the slow rates of 
groundwater movement (on the order of centimeters per year), 
it is important to determine if radium from the aquifer could 
even reach the surface. An evaluation of potential transport 
time is critical since after eight half-lives (approximately 
12,800 years for radium-226), the activity would be reduced by 
a factor of 256. In order to calculate groundwater flow 
rates, soil hydraulic conductivity, soil porosity and the 
hydraulic gradient must be determined or estimated. 
Hydraulic conductivities of lacustrine sediment in a 
saline discharge area in Grand Forks County average nine 
centimeters per year (Goebel and Gerla, 1992). The hydraulic 
gradient in the same study area ranged up to O. 25. The 
gradient was likely higher in the past; the installation of 
numerous flowing wells since the Red River Valley was settled 
has led to a regional head decline in the Dakota Formation 
(Kelly and Paulson, 1970). 
Assuming a hydraulic conductivity of 9 centimeters per 
year, a soil porosity of 0.4, and a vertical gradient of 0.5, 
-- ----------------, 
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the calculated groundwater flow rate is on the order of 11 
centimeters per year. If the thickness of sediment through 
which the groundwater must travel is 45 meters, about 400 
years would elapse between the time the groundwater left the 
formation and reached the surface. After 400 years, the 
activity of the radium in the groundwater would have decayed 
to approximately 0.84 times the original activity; thus, most 
of the radium leaving the formation would reach the surface 
through advective transport. 
Another possibility is that radium is leached from the 
lacustrine silts and clays as the saline groundwater flows 
upward to the surface. The exchange of monovalent sodium ions 
for divalent c~lcium and magnesium ions on the clay minerals 
of glacial sediments in a saline discharge area was observed 
by Goebel and Gerla (1992) Perhaps the sodium in the saline 
groundwater causes the divalent radium ions to be leached from 
the lacustrine clays; the radium would then be carried to the 
surface where the groundwater is concentrated by 
evapotranspiration. 
CONCLUSIONS 
1. The large areas of saline soils observed in Grand Forks 
County are mostly likely a result of the discharge of 
saline ground water from the Dakota Formation and/or 
deeper Ordovician Aquifers. The areas of saline soils 
are found in the eastern portion of the county where 
wells completed in the Dakota Formation would flow at the 
surface. The rate of groundwater discharge is roughly 
equal to the rate of evapotranspiration; soils in the 
discharge- areas are moist to saturated but discharged 
groundwater generally does not flow at the surface. The 
poorly integrated drainage system of the lake plain is 
not conducive to run-off; salts accumulate in the soil 
and are not easily transported. 
2. Water with high dissolved solids has the ability to leach 
radium ions from sediment and keep the ions in solution. 
This ability is most likely a result of ion-exchange 
processes. Divalent radium ions are .leached from the 
sediment and replaced by the more common monovalent ions 
found in the high dissolved solids water. 
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3. Areas of elevated radium-226 concentration are present in 
soils in the eastern portion of Grand Forks County. 
These areas generally coincide with areas of the lake 
plain that have been salinized by the discharge of high 
dissolved solids groundwater from the Dakota Formation 
and deeper Ordovician aquifers. 
soils and elevated radium-226 
properties are related. 
The overlap of saline 
soils suggest the 
4. Radium-226 to natural uranium concentration ratios 
indicate the uranium-238 decay series is generally not in 
secular equilibrium in Grand Forks County soils. Larger 
amounts of uranium-238 progeny are present than can be 
supported by observed concentrations of uranium-238. The 
lack of secular equilibrium appears to indicate that 
radium-226 is preferentially transported and some soils 
are enriched in radium-226. Unless the enrichment of 
radium-226 was a product of original sedimentation or a 
characteristic of the sediment before it was deposited, 
the process or processes causing the enrichment have been 
occurring for a relatively short time (about 9,000 years, 
since Glacial Lake Agassiz drained for the final time). 
5. The enrichment of radium-226 in Grand Forks County soils 
may be caused by the discharge of water containing 
abundant dissolved solids from the Dakota Formation or 
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deeper Ordovician aquifer. Radium-226 may be present in 
the saline water when it leaves the aquifer. Radium may 
also be leached from the sediment overlying the aquifer 
as the bedrock groundwater slowly discharges to the 
surface. The water is taken up by evapotranspiration; 
the dissolved solids and radium are then concentrated in 
the soil. 
6. Soil gas radon concentrations generally increase with 
increasing soil radium-226 concentrations. This 
correlation would be expected since radon-222 gas is a 
product of the decay of radium-226; however, several 
sampling locations did not follow this trend. The most 
likely cause of this apparent discrepancy is the 
difficulty in obtaining a representative soil gas sample. 
Average soil radium-226 concentrations (eU) and average 
soil gas radon concentrations for various soil 
associations show a strong positive correlation. 
7. Soil radium-226 (eU) concentrations moderately correlate 
with soil salinity; however, a separate group of data was 
observed that show no correlation between equivalent 
uranium and soil salinity. High eu concentrations can 
exist without a concomitant increase in soil salinity. 
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Processes other than radium enrichment of soils by saline 


















SAMPLE LOCATION AND RADON DATA 
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I I Soil gas radon concentration, soil association', soil type 1 , 
I 
sample location 11 , and sampling date. 
I 
SAMPLE RADON SOIL SOIL SAMPLE 
I I.D. pCi/1 ASSOC. TYPE LOCATION DATE 
I 10-1-A 188.87 9 93 154 54 20 bbb 11/07/89 
I 
10-2-A 893.93 9 93 154 54 20 bbb 11/07/89 
108-1-A 360.79 6 171 149 51 35 ebb 10/28/89 
108-2-A 392.59 6 171 149 51 35 ebb 10/28/89 
108-3-A 207.49 6 171 149 51 28 cdd 10/28/89 
108-4-A 219.23 
i 
6 171 149 51 28 edd 10/28/89 
I 
11-1-A 772.47 10 93 154 54 20 bbb 10/30/89 
I 
15-1-A WET 8 95 154 52 27 bbb 11/03/89 
15-2-A WET 8 95 154 52 27 bab 11/03/89 
15-3-A WET 8 95 154 52 27 bbb 11/03/89 
18-1-A 496.67 3 25 153 56 12 ada 11/07/89 
18-2-A 387.08 3 25 153 56 12 ada 11/07/89 
24-1-A 530.15 5 41 153 50 18 bbb 10/11/89 
24-2-A 342.28 5 41 153 50 18 bbb 10/11/89 
36-1-A 490.79 2 23 152 55 17 bbb 10/05/89 
36-2-A 144.2 2 23 152 56 10 aad 10/05/89 
37-1-A 792.03 9 93 152 55 10 dee 10/05/89 
I I 
37-2-A 618.9 9 93 152 55 10 dee 10/05/89 
I I 43-1-A 666.43 7 270 152 51 01 bbb 09/13/89 
43-2-A 307.3 7 270 152 51 01 bbb 09/13/89 
5-1-A 751.63 4 73 154 53 08 cdd 11/01/89 
5-2-A 255.34 4 73 154 53 08 cdd 11/01/89 
5-3-A 616.63 4 173 154 53 12 bee 11/01/89 
5-4-A 506.55 4 173 154 53 12 bee 11/01/89 
54-1-A 326.15 1 130B 151 55 08 daa 10/29/89 
54-2-A 383.19 1 130B 151 55 08 daa 10/29/89 
! I 
54-3-A 475.13 2 23B 151 56 12 bee 10/29/89 
54-4-A 425.55 2 23B 151 56 12 bee 10/29/89 








58-1-A 925.37 6 171 1 c; 1 ~~ 53 03 dde 10/23/89 
58-2-A 498.17 6 171 15:1_ 53 03 ddc 10/23/89 
59-1-A 118.33 8 95 151 52 11 aaa 09/19/89 
59-2-A 535.65 7 270 151 51 01 ddd 09/19/89 
60-1-A 1680.98 7 270 151 51 06 ddd 09/18/89 
60-2-A 241. 65 7 95 151 51 05 ddd 09/18/89 
60-3-A 1573.76 8 270 151 51 04 ddd 09/18/89 
68-1-A 620.26 8 95 151 52 36 eeb 10/09/89 
68-2-A 559.32 8 95 151 52 36 eeb 10/09/89 
68-3-A 98.0 8 65 151 52 36 bcb 10/09/89 
68-4-A 541.4 8 65 151 52 36 beb 10/09/89 
7-1-A 806.5 7 270 154 52 14 daa 11/11/89 
7-2-A 923.83 7 270 154 52 14 daa 11/11/89 
8-1-A 1100.27 5 41 154 51 10 aab 11/11/89 
8-2-A 957.47 5 41 154 51 10 aab 11/11/89 
80-1-A 976.0 5 126 150 50 35 daa 10/10/89 
80-2-A 475.9 5 126 150 50 35 daa 10/10/89 
88-1-A 641.5 10 4 150 51 30 ddd 10/24/89 
88-2-A 565.26 10 4 150 51 30 ddd 10/24/89 
90-1-A 670.2 4 73 150 50 35 dda 10/10/89 
90-2-A 435.4 4 73 150 50 35 dda 10/10/89 
90-3-A 667.3 5 43E 150 49 32 ddd 10/10/89 
90-4-A 550.9 5 43E 150 49 32 ddd 10/10/89 
94-1-A 304.95 4 72 149 54 05 add 10/30/89 
94-2-A 936.89 4 72 149 54 05 add 10/30/89 
94-3-A 916.77 4 72 149 54 16 ede 10/30/89 
94-4-A 979.62 4 72 149 54 16 cdc 10/30/89 
96-1-A LEAK 10 173 149 52 05 ddd 10/24/89 
96-2-A LEAK 10 173 149 52 05 ddd 10/24/89 
OPT-1-A 1173.33 5 126 151 50 22 ace 09/15/89 
OPT-2-A 430.88 5 126 151 50 22 ace 09/15/89 
SUNB-1-A 1560 5 43B 151 50 23 bee 09/05/89 
t See page 18. 
l See pages 7-58 of USDA, (1981) . 
11 See pages 5-7 of Kelly and Paulson, (1970). 
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APPENDIX II 
URANIUM BY FLUORIMETRY DATA 
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I Natural uranium as reported by the laboratory, calculated U-
I I 
238 activity, and calculated equivalent U-238 concentration. 
SAMPLE U-TOTAL U-238 eU-238 
I.D. NAT pCi/g ppm 
10-1-A 1.10 0.52 1. 70 
10-1-B 1. 00 0.48 1.55 
10-2-A 0.90 0.43 1. 39 
10-2-B 1.10 0.52 1.70 
108-1-A 2.00 0.95 3.10 
108-1-B 2.60 1.24 4.03 
108-2-A 0.90 0.43 1. 39 
108-2-B 1.80 0.86 2.79 
15-1-A 1.20 0.57 1. 86 
15-1-B 0.80 0.38 1. 24 
15-3-A 0.10 0.05 0.15 
15-3-B 1.30 0.62 2.01 
24-1-A 1. 60 0.76 2.48 
24-1-B 1.80 0.86 2.79 
24-2-A 0.70 0.33 1.08 
24-2-B 0.30 0.14 0.46 
36-1-A 3.20 1.52 4.96 
36-1-B 0.60 0.29 0.93 
36-2-A 1.80 0.86 2.79 
37-1-A 1. 00 0.48 1.55 
37-1-B 1. 00 0.48 1. 55 
43-1-A 1. 20 0.57 1.86 
43-1-B 0.80 0.38 1. 24 
5-1-A 0.02 0.01 0.03 
5-1-B 1.40 0.67 2.17 
5-3-A 0.40 0.19 0.62 
5-3-B 0.40 0.19 0.62 
5-4-A 0.02 0.01 0.03 
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0.48 1. 55 
0.38 1.24 




0.33 1. 08 
0.29 0.93 
0.48 1. 55 
0.10 0.31 
0.05 0.15 
0.33 1. 08 




0.43 1. 39 
0.57 1.86 
0.57 1.86 
0.52 1. 70 
0.38 1. 24 
0.62 2.01 
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I 8-2-A 0.60 0.29 0.93 
I \ 8-2-B 1. 00 0.48 1.55 
, I 
' 80-1-A 0.50 0.24 0.77 
80-1-B 1.90 0.90 2.94 
88-1-A 0.50 0.24 0.77 
88-1-B 1. 00 0.48 1. 55 
88-2-A 0.30 0.14 0.46 
88-2-B 0.50 0.24 0.77 
90-1-A 0.70 0.33 1. 08 
i 90-1-B 1.10 0.52 1. 70 
I 
: ! 
90-2-A 0.90 0.43 1. 39 
90-2-B 1. 30 0.62 2.01 
90-4-A 0.70 0.33 1. 08 
94-1-A 1.80 0.86 2.79 
94-1-B 3.10 1. 47 4.80 
94-2-A 0.80 0.38 1. 24 
94-2-B 1.80 0.86 2.79 
94-3-A l. 20 0.57 1. 86 
94-3-B 2.20 1. 05 3.41 
96-1-A 1.10 0.52 1. 70 
96-1-B 1.10 0.52 1. 70 
96-2-A 1. 00 0.48 1.55 
1 I 
96-2-B 0.40 0.19 0.62 
OPT-1-A 0.70 0.33 1. 08 
OPT-1-B 1. 30 0.62 2.01 
OPT-2-A 1. 50 0.71 2.32 
OPT-2-B 1.50 0.71 2.32 
SUNB-1-A 1.10 0.52 1.70 
SUNB-1-B 1. 00 0.48 1. 55 
I!"" 
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Laboratory radium-226 concentrations in pCi/g and calculated 
soil equivalent uranium concentrations. 
SAMPLE NDHCL eU-238 
I.D. Ra pCi/g ppm 
10-1-A 1. 31 4.27 
10-1-B 0.71 2.32 
10-2-A 1.16 3.78 
10-2-B 1. 02 3.32 
108-1-A 0.55 1. 79 
108-1-B 0.92 3.00 
108-2-A 1.13 3.68 
108-2-B 0.64 2.08 
15-1-A 1. 37 4.46 
15-1-B 0.90 2.93 
15-3-A 1.13 3.68 
15-3-B 1. 34 4.36 
24-1-A 1. 99 6.48 
24-1-B 1. 82 5.93 
24-2-A 1. 70 5.54 
24-2-B 1. 78 5.80 
36-1-A 1. 85 6.03 
36-1-B 1. 29 4.20 
36-2-A 0.97 3.15 
37-1-A 1.40 4.56 
37-1-B 1. 00 3.26 
43-1-A 1. 53 4.98 
43-1-B 1. 36 4.43 
5-1-A 1.36 4.43 
5-1-B 0.25 0.81 
5-3-A 1.12 3.65 
5-3-B 2.00 6.51 
5-4-A 1. 08 3.52 





54-2-A 1.17 3.81 
54-2-B 0.52 1. 68 
54-3-A 1.16 3.78 
54-3-B 1. 04 3.39 
54-4-A 0.97 3.16 
54-4-B 0.52 1. 69 
57-2-A 1. 06 3.45 
57-2-B 1.11 3.62 
58-1-A 1. 57 5.11 
58-1-B 1. 26 4.10 
59-1-A 1.11 3.62 
59-1-B 1.53 4.98 
59-2-A 1.46 4.76 
59-2-B 1. 37 4.46 
60-1-A 1. 80 5.86 
60-1-B 1.56 5.08 
60-10-A 1.87 6.09 
60-10-B 1. 24 4.04 
60-11-A 1.44 4.69 
60-11-B 1.34 4.36 
60-12-A 1.36 4.43 
60-12-B 1.36 4.43 
60-2-A 1.77 5.77 
60-2-B 1. 46 4.76 
60-3-A 2.12 6.91 
60-3-B 1. 80 5.86 
68-1-A 1. 06 3.45 
68-1-B 1.15 3.75 
68-3-A 1. 07 3.49 
68-,3-B 1.01 3.29 
68-4-A 1. 00 3.26 
68-4-B 1.17 3.81 
7-2-A 1.40 4.56 
7-2-B 1.60 5.21 
f 
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8-2-A l.88 6.12 
8-2-B 1.56 5.08 
80-1-A 1. 83 5.96 
80-1-B 1. 84 5.99 
88-1-A 1.26 4.10 
88-1-B 0.61 1. 99 
I I 
88-2-A 0.69 2.25 
88-2-B 0.60 1. 95 
90-1-A 1.45 4.72 
90-1-B 1.11 3.62 
I 
90-2-A 0.81 2.64 
I 90-2-B 1. 28 4.17 
90-4-A 0.80 2.59 
94-1-A 1. 53 4.98 
94-1-B 1.26 4.10 
94-2-A 1.43 4.66 
94-2-B 1.47 4.79 
94-3-A 0.87 2.83 
94-3-B 1.45 4.72 
96-1-A 1. 36 4.43 
96-1-B 1.42 4.63 
96-2-A 1. 41 4.59 
96-2-B 1. 24 4.04 
OPT-1-A 1. 85 6.03 
OPT-1-B 1.41 4.59 
OPT-2-A 1. 53 4.98 
OPT-2-B 1.49 4.85 
SUNB-1-A 1.32 4.30 
SUNB-1-B 1. 04 3.39 
~-- ---------------, 
APPENDIX IV 
SOIL SALINITY DATA 
ll2 
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Soil salts as percent of dry mass. 
SAMPLE PERCENT OF 
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